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Abstract: Femtosecond laser processing significantly alters the surface structure and chemical compo-
sition, impacting its wetting properties. Post-treatments such as immersion in a hydrocarbon liquid
(petrol) or storage in a vacuum can significantly reduce ice adhesion, making the surfaces interesting
for anti-ice applications. This study investigates their durability against acetone, ethylene glycol,
and UV radiation. The laser-structured surfaces were immersed in the respective liquids for up to
48 h. The results indicate limited durability of the superhydrophobic and icephobic layers when
submerged in acetone and ethylene glycol, with more favorable results for petrol treatment than
vacuum treatment. Similar results were obtained after 100 h of UV exposure, showing a decrease
in superhydrophobic properties and an increase in ice adhesion. However, repeated vacuum treat-
ments conducted after the chemical durability tests revealed the potential for partial recovery of the
hydrophobic and icephobic properties. XPS analysis was performed throughout the experiments to
evaluate changes in surface chemistry resulting from the post-laser treatments and the durability tests.

Keywords: surface modification; femtosecond laser processing; nanostructure; microstructure;
hydrocarbon treatment; vacuum treatment; chemical durability; superhydrophobic surface;
icephobic surface

1. Introduction

Icephobic surfaces have attracted substantial interest in numerous fields where icing
can lead to severe consequences, including wind energy [1-3] and aviation [4,5]. Con-
sequently, modified anti-ice and de-icing surfaces are often exposed to environmental
conditions, like wind, dust, and precipitation. In the case of a lift-generating surface,
erosion mainly affects the leading edge but can lead to a shortened lifetime and severe
damage [6,7]. Within the wind energy sector, leading edge protection (LEP) solutions, such
as paint, tapes, and coatings, extend maintenance intervals but usually do not comprise
passive ice protection. Nevertheless, wind turbines operated in harsh environments, e.g.,
offshore or at high altitudes, face a significantly reduced rotor blade lifetime of about
two years [6,8] and a reduced annual energy output of 2%-3.7% due to erosion and con-
tamination [7]. In addition, wind turbines exposed to intense icing conditions suffer up
to 20% annual electricity production losses [9]. Active anti-icing and de-icing measures,
like thermal heating of the affected zones, are energy-consuming and must be precisely
controlled to prevent any weakening of the rotor blade’s composite structure [10]. Fakorede
et al. compared the two primary thermal ice protection systems and found the installation
costs of resistive heater sheets to be about 5% of the total costs of a wind turbine, while
a hot air injection device is in the range of 1% [11]. During operation, a resistive heater
costs 6-12% of the annual energy production compared to 8-14% for the hot air injection.
Passive commercial anti-ice surfaces comprise thin polymer films prone to erosion [2,12].

The situation is different for an airplane’s wings, where safety regulations require
that the leading edge (and other forward-facing parts of the airplane) withstand physical
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impacts like a bird strike [13]. For this reason, aluminum is the predominant material
employed for the leading edge, without any passive anti-icing or de-icing measure. Man-
ufacturers also utilize stainless steel sheets as protective covers, e.g., the horizontal and
vertical stabilizers of commercial aircraft like the Airbus A320 [14], or as erosion shields
for the rotor blades of helicopters [15,16]. Anti-icing/de-icing is achieved by heating the
leading edge via bleed-air from the turbines, electrothermal via heating elements, or other
active measures. For ice accretion on the ground, established standards exist specify the
proper procedures for aircraft ground-de-icing and the fluids to use (e.g., SAE AS6285 [17]).
These de-icing fluids can be categorized as SAE AMS1424 [18] (ISO 11075 [19]) Type I and
SAE AMS1428 [20] (ISO 11078 [21]) Type 11, 1II, and 1V, and are applied on the aircraft
before takeoff, leaving a thin film of fluid on the prepared surfaces. De-icing fluids consist
mainly of glycol, which depresses the freezing point of water (FPD), but include surfactants,
corrosion inhibitors, thickening agents, defoamers, and other chemicals, which can be eco-
logically problematic [22]. Therefore, it would be economically and ecologically beneficial if
anti- and de-icing could be achieved without extensive heating or the use of chemicals but
via passive icephobic surfaces with superhydrophobic properties and low ice adhesion or
combined passive/active systems with significantly reduced energy requirements [23,24].

Laser structuring of surfaces is one way to reduce ice accretion in the temperature range
around the freezing point by lowering the surface energy and forcing an incomplete wetting
state (Cassie-Baxter), which can lead to superhydrophobic properties [25]. Depending on
the laser and material properties, such as laser fluence, pulse duration, ablation threshold,
and thermal conductivity, different surface structures can be created. If used just below
the ablation threshold, short laser pulses can create very small nano-features, otherwise
known as laser-induced periodic surface structures (LIPSS). When high pulse energies are
applied to a surface, the resulting topography is determined by ablation, remelting, and
resolidification processes. Approaches to mathematically model the resulting roughness
features after laser processing are based on the segmental cyclic and rhythmic structure
of the microrelief [26]. A more accurate model incorporates the amplitude features of the
microreliefs to estimate the topography [27].

Sataeva et al. fabricated superhydrophobic surfaces by laser structuring aluminum
alloy, subsequently coating the alloy with fluorooxysilane, and performing outdoor tests as
well as corrosion tests against NaCl solution, water icing (crystallization-melting cycles),
and UV irradiation [28]. The structured samples showed increasing wear and corrosion with
increasing test duration. Nevertheless, rough superhydrophobic surfaces do not necessarily
offer superior anti-ice or de-icing properties because of the mechanical interlocking with
ice [29-31]. Vercillo et al. compared different laser structures to decrease ice adhesion, but
used a perfluoropolyether solution in a fluorinated solvent as a coating [32]. A correlation
was found between structure roughness and ice adhesion, but the coating’s chemical
durability or erosion resistance was not determined. In an earlier work, the wettability
and ice adhesion of laser-structured steel samples were compared without the use of a
coating, and a similar correlation was found: increasing ice adhesion with increasing
surface roughness [33]. Through the application of LIPSS, the static water contact angle
was increased without further increasing the ice adhesion shear stress.

Considering these findings, laser-structured surfaces could fulfill both industry sectors’
requirements if they prove to have equal passive anti-ice and de-icing properties combined
with a high erosion/chemical resistance. In an earlier work, superhydrophobic stainless
steel surfaces were produced via femtosecond laser processing and subsequent hydrocarbon
treatment, leading to superhydrophobicity and a significant reduction in ice adhesion of
57% [34]. The resulting ice adhesion correlated with the structure roughness, where shallow
LIPSS showed the lowest ice adhesion in the range of 250 kPa. Further application-oriented
experiments in a small-scale icing wind tunnel showed a considerable delay in the icing
of a laser-structured and hydrocarbon-treated sample attached to an airfoil segment [35].
The resulting ice shape was smoother along the leading edge, with a high probability of
being aerodynamically beneficial. Fiirbacher et al. demonstrated the erosion resistance
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of micro- and nanostructures during a long-term field test on a small-scale wind turbine
under alpine operating conditions. Therefore, laser-structured stainless steel foils were
attached to the leading edges of the rotor blades and showed only minor erosion after six
winter months of operation.

At the time of this publication, direct laser structuring was limited to smaller surface ar-
eas due to the relatively long processing times. Nevertheless, the transfer of microstructures
to metal and plastic surfaces using embossing processes offers an economically relevant
option for large-area applications and has already been successfully implemented [36-38].
When using laser-structured steel tools, microstructures can be transferred very well to
PET and PMMA substrates, significantly improving the wetting behavior [39]. Studies on
PTEE films have led to significantly reduced ice adhesion after imprinting a laser-generated
structure [40].

The work of different scientific groups indicates that the contact angle hysteresis
(CAH), in combination with the static contact angle (SCA), plays a vital role in describ-
ing the icing behavior of superhydrophobic surfaces, and therefore, their ice-repellent
properties [41,42]. Janjua et al. recommend a small CAH in addition to high SCA to
produce surfaces with icephobic properties and potentially reduce runback ice accretion
on aircraft wings and wind turbine rotor blades [43]. However, contrasting findings by
Momen et al. have demonstrated that ice adhesion strength is not a direct function of
CAH. Therefore, the CAH does not directly correlate with the icephobic properties [44].
Through a modified Cassie—Baxter relation, the CAH can predict the roll-off angle (RoA) of
textured surfaces [45]. Therefore, the SCA, CAH, and ice adhesion were compared in this
work to understand their correlation better. Previous investigations on femtosecond laser
surface processing were expanded, and the chemical resistance of superhydrophobic and
icephobic surface layers formed during our novel hydrocarbon treatment was examined.
Hydrocarbon and vacuum treatments were compared in this study, as well as the influence
of the initial laser-generated structure type and size on the wettability and anti-ice/de-icing
performance. Chemical durability tests were conducted to demonstrate the potential for
industrial applications. During these tests, the samples were immersed in an acetone and
ethylene glycol bath. These liquids were chosen because acetone is an organic solvent with
excellent solubility for the carbon compounds responsible for the wettability transformation
and reduced ice adhesion [46]. As mentioned before, ethylene glycol solutions are used as
chemical de-icing fluids and are of significant interest to the aviation sector. A UV-radiation
test was conducted, which is part of the standard procedure for testing the durability of
coatings for sunlight-exposed applications like outer aircraft components or wind turbine
rotor blades.

2. Materials and Methods
2.1. Material

Cold-rolled stainless steel (1.4301/AISI 304) with a thickness of 2 mm was used as the
substrate material for the experiments. Before undergoing laser processing, the substrates
were cleaned with acetone and air-dried.

2.2. Laser Processing

The samples were structured using a femtosecond laser system Femtopower Compact
Pro (Spectra-Physics, Vienna, Austria) consisting of a Ti:Sapphire oscillator and a multi-
pass Ti:Sapphire amplifier, which emits broadband 30 fs laser pulses at a rate of 1 kHz
(Figure 1). Laser pulses can carry a maximum pulse energy of 0.8 mJ at 800 nm central
wavelength and a bandwidth of 40 nm. Due to its internal setup, the output radiation is
linearly polarized, which is required to form a channel-like LIPSS. A variable attenuator
was used to adjust the laser fluence on the specimens’ surface. The laser beam was focused
by a plano-convex spherical lens with a focal length of 80 mm. During all experiments, a
Gaussian intensity distribution was used. Based on previous experiments [34], the same
four different laser structure types were selected for further testing. LIPSS were generated
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off-focus by overlapping linear tracks, and grid and triangle structures were created by
intersecting tracks at 90° or 60°, respectively. Micro-dimple arrays were generated by
repetitive static laser ablation.

fs-laser source —"&/’

3-axis
stage

Figure 1. Schematic depiction of the femtosecond laser machining setup.

On each sample, four different surface structures (LIPSS, grid, dimple, and triangle)
were applied with laser parameters according to Table 1 and the resulting roughness
properties according to Table 2. As a reference, one sample was stored under ambient air
conditions after laser processing (C#Ref).

Table 1. Laser machining parameters of the tested samples.

Number of Laser

2 . .
Structure Type Laser Fluence [J/cm~] Spot Diameter [um] Hatch Distance [um] Pulses Per Area
LIPSS 1 150 150 15
Grid 30 35 100 18
Dimple 40 35 50 40
Triangle 20 35 100 18

Table 2. Surface topography after laser processing, before testing; Ac—roughness cut-off wavelength,
Sa—arithmetic mean deviation, Sq—root mean square height, Sz—maximum height, Sdr—developed
interfacial area ratio.

Structure Type Ac [nm] Sa [pm] Sq [um] Sz [um] Sdr [%]
LIPSS 75 0.1 0.2 4.0 0.5
Grid 150 47 6.2 41.0 203
Dimple 300 16.2 18.3 777 1235
Triangle 150 3.6 4.7 329 116

2.3. Surface Characterization

The geometric surface properties of the laser-processed samples were obtained using
a Bruker Alicona Infinite Focus 3D surface measurement system, which uses the method of
focus variation to retrieve surface topography information. A Jeol JCM-5000 instrument
(Jeol, Akishima, Japan) was used for SEM imaging.
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2.4. Wettability Acceleration Treatment

Immediately after femtosecond laser processing, metal surfaces tend to be superhy-
drophilic and evolve to a hydrophobic state over several days to weeks when stored in
ambient air [47,48]. The samples were placed in a vacuum chamber or immersed in Eurosu-
per petrol (RON 95) inside a sealed HDPE barrel to accelerate the wetting transformation
time. The duration of the treatment was set to 4 h (one cycle) based on our previous work,
in which the focus was on the wetting transformation time of laser-structured samples
stored in different media [34]. The same SEM instrument (Jeol JCM-5000) was used for
the imaging and vacuum treatment; however, the electron beam was turned off during
the latter. Its turbomolecular pump provided a pressure of less than 10~* mbar in the
specimen chamber.

X-ray photoelectron spectroscopy (XPS) was performed to identify the changes in
surface chemistry. A SPECS XP-spectrometer equipped with a monochromatic Al-K« X-ray
source (uFocus 350) and a hemispherical WAL-150 analyzer with an acceptance angle of
60° was used. Pass energies of 100 eV and 30 eV and step widths of 0.5 eV and 50 meV
were used for survey and detail spectra, respectively (excitation energy: 1486.6 eV, beam
energy and spot size: 100 W onto 400 pm; mean angle: 51° to sample surface normal; base
pressure: 2 x 10~? mbar, pressure during measurements: <5 x 10~? mbar). The analysis
depth was typically around 7-10 nm. Data analysis was performed using CASA XPS
software (version 2.3.25PR1.0), employing Shirley backgrounds and Scofield sensitivity
factors. No charge correction was applied. Deconvolution of the spectra was carried out
using Gaussian-Lorentzian peaks (GL(30)) if not stated otherwise.

2.5. Wettability Properties and De-Icing

A DataPhysics contact angle goniometer OCA25 with a 0.4 mm blunt tip cannula was
used to evaluate the wettability properties of the laser-treated samples. The sessile drop
method with a polynomial fitting was applied to obtain the static contact angles (SCA)
utilizing a water drop volume of 10 uL. For the advancing (ACA) and receding contact
angles (RCA), the needle-in method with elliptical fitting was applied. The ACA and RCA
measurements were started with an initial drop volume of 5 puL, increased the volume to
100 puL at a rate of 10 uL/s, reduced the volume again to the initial value after a delay time
of 2 s, and repeated each measurement twice. The water volume needed for an adequate
advancing and receding contact angle measurement (ARCA) was estimated based on the
approximations proposed by Korhonen et al. [49]. Furthermore, the contact angle hysteresis
(CAH) was calculated as the difference between the ACA and RCA.

The ice adhesion shear stress at the interface was measured using the cuvette-encased
ice column method, a process similar to the setup described by Meuler et al. (Figure 2) [50].
In this setup, disposable cuvettes (polystyrene) were placed open-side down on the laser-
structured surface, which was then cooled for 15 min to a temperature of —30 °C by a
Peltier cooling element (TC160Pro, DataPhysics, Filderstadt, Germany). The temperature
was measured between the cooling element and the sample. After 15 min, 1 mL of distilled
water was injected through a hole in the cuvette using a syringe and an automated dispenser
at a rate of 170 uL/s. After a freezing time of 15 min, the ice column was sheared off by
a stepper motor (103H7123, Sanyo Denki, Moriguchi, Japan) driven force probe (3 mm
above the sample surface) connected to a force transducer (Typ S2 500N with an AE301
interface, Hottinger Baldwin Messtechnik HBM, Darmstadt, Germany). The analog voltage
signal was recorded using an interface (NI USB-6009, Texas Instruments, Dallas, TX, USA)
and LabView 2023 software. The ice adhesion shear stress was calculated by dividing the
measured force by the interface area of 10 mm x 10 mm, although it is essential to note
that there is a mixed shear/tensile mode due to the height of the push-force application
point [51]. Since all measurements were performed under the same conditions, the effect of
the push height was not covered in this work. For laser-structured stainless steel, a few
cycles of ice adhesion measurements do not affect the structure’s micro-geometry or surface
roughness [33].
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Figure 2. Schematic depiction of the ice adhesion test rig (left) and actual setup with an open
cover (right).

2.6. Chemical Durability

After femtosecond laser processing and chemical treatment, the hydrophobic surfaces
were tested for their chemical resistance against acetone and a standard de-icing fluid
solution. Acetone (purity > 99.9%) was chosen because it is an organic solvent, which is
supposed to represent a challenge to the hydrocarbon layers applied during chemical post-
laser treatment. Furthermore, in the literature, the chemical resilience of superhydrophobic
surfaces was also tested against acetone and other organic solvents. Yang et al. produced
superhydrophobic surfaces on carbon fiber-reinforced polymer composites by picosecond
laser direct writing, dip coated with fluoroalkylsilane (FAS), and were able to achieve SCAs
of 155° [46]. After 1 h of immersion in acetone, the surfaces were again measured, and
SCAs > 150° were observed. Therefore, good resistance against aqueous solutions was
assumed. No more measurements after the initial 1 h were carried out.

Since robust, icephobic surfaces are of significant interest to the aerospace industry,
a commonly used de-icing agent for aircraft ground de-icing was chosen as a second
liquid, consisting mainly of glycol alcohols [52]. This glycol solution corresponds to the
conventional ISO/SAE Type I air de-icing fluid and was mixed with 85% ethylene glycol
and 15% water. According to SAE AS6285 C and the FAA holdover time guidelines
(2023-2024), the holdover time for SAE Type I fluid varies from 2 min under freezing rain
conditions to 45 min under active frost conditions [53]. During this period, the aircraft
must take off—if not, the de-icing and anti-icing procedures must be repeated.

To test the chemical resistance, the samples were then immersed in an acetone or
glycol solution for 48 h. After predefined time intervals, the samples were removed from
the chemicals and tested for SCA, ice adhesion, and CAH. Contact angle and ice adhesion
measurements were conducted for each sample after total immersion times of 1, 4, 24, and
48 h. After each liquid extraction, the samples were dried again with filtered compressed
air at 5 bar. The results shown in Section 3 are the average values of multiple measurements.
The measured values and standard deviations can be found in the Supplementary Material
(Table S1). Thus, statements could be made about the wetting and ice-repellent properties
of the produced surfaces via the SCA, CAH, and ice adhesion measurements.

2.7. Optical Durability Setup (UV)

To simulate environmental exposure to sunlight, the laser-structured and hydrocarbon/
vacuum-treated samples were irradiated by a Xenon arc source with a daylight filter (ASTM
D7869 [54]). The test conditions were in accordance with IEC TS 62788-7-2 [55], using an
irradiance of 0.8 W/m?2/nm at 340 nm wavelength, equivalent to 81 £ 8 W/ mZ. Inside the
test chamber, air was maintained at a temperature of 65 & 3 °C and a relative humidity of
20 =+ 5%.
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3. Results and Discussion
3.1. Surface Structures

Figure 3 shows the four structure types tested in the following experiments:

e  Nanostructures (type 1)—LIPSS: This structure can be described as parallel channels
with a sine-wave-like cross-section, a depth of several 10-100 nm, and a spatial period
tied to the wavelength of the laser light used to create it [56-58]. A FFT of SEM
micrographs was used to determine the spatial frequency of the LIPSS. Our case
resulted in a mean spatial period of 560 nm, consistent with previous findings for this
laser/material combination [59]. Further analysis of these structures using atomic
force microscopy (FEI Quanta 250 FEG + GeTEC AFSEM) revealed a vertical depth of
300 nm.

e  Microstructures (types 2, 3, and 4)—grid, dimple, and triangle: In contrast to LIPSS,
three different microstructures were applied with a laser fluence in the ablation regime
of the substrate material. Because of the Gaussian intensity distribution and linear
polarization of the used laser beam, the created microstructures are superimposed
by LIPSS nanostructures and can be regarded as hierarchical structures. By creating
a rough surface, attempts were made to favor the Cassie-Baxter wetting mode, in
which vapor is “trapped” under the water fraction in the interface, over the Wenzel
wetting mode, in which the entire surface under the liquid is wetted, thereby increasing
hydrophobicity [60].

Figure 3. SEM images: laser structures taken at a 45° tilt angle (close-ups have been taken without
tilt). LIPSS nanostructure with a spatial period of 560 um. Grid, dimple, and triangle microstructures
feature superimposed LIPSS nanostructures.
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3.2. Acetone Durability

After applying the previously described vacuum treatment to the femtosecond laser-
processed surfaces, an average SCA of 161° for all samples was measured (Figure 4).
Similarly, the petrol-treated samples exhibited good superhydrophobic wettability, with
an average SCA of 157°. Notably, the dimple structures showed the highest SCAs for
both treatment methods, with an average of 164°. Subsequently, the chemical resistance
against acetone of the vacuum- and petrol-treated superhydrophobic surfaces is presented
below for immersion times of 1, 4, 24, and 48 h. After 1 h in acetone, the superhydrophobic
properties of our petrol-treated samples were maintained, with an average SCA of 157°
(Figure 4). While showing a slight deterioration compared to the petrol-treated samples,
the vacuum-treated samples still displayed nearly superhydrophobic wettability, with an
average SCA of 150°. However, after 4 h, the SCA decreased significantly, and after 24 h,
the surfaces became hydrophilic, reaching their minimum SCA. In contrast, the petrol-
treated samples exhibited a high SCA after 48 h (108°-153°), depending on the surface
structure, and, therefore, continued to be hydrophobic after 48 h. Among the different
surface structures, the dimple structure of the petrol-treated sample showed the best result,
with an SCA of 153° after the overall immersion time.

Vacuum (b) Petrol
170 180
e
LA P 150 % % ! .
T *
.,c 150 —120 t
140 =g,
Q
60
*
. 30
T 0
16 24 32 40 48 0 8 16 24 32 40 48
Immersion time [h] Immersion time [h]

<+LIPSS =Grid -eDimple Triangle

Figure 4. Plot of the static contact angle (SCA) over the immersion time in acetone for (a) vacuum-
treated samples and (b) petrol-treated samples with different structure types.

The measured ice adhesion for the untreated stainless steel samples showed an average
of 820 kPa. All superhydrophobic surfaces achieved better de-icing results, except for
the vacuum-treated dimple structures (Figure 5). Despite the dimple structures initially
having the best hydrophobic properties, the ice adhesion values were significantly worse
in comparison to those of all the other structures. This discrepancy can be attributed to the
crucial role of the surface roughness and the depth of the structure at the ice-to-surface
interface, as highlighted by Vercillo et al. [32]. Since the dimple structure is the roughest
among all the compared structures (Table 2), the Cassie-Baxter wetting state could not
be achieved completely, resulting in interlocking between the ice and the sample, leading
to high ice adhesion shear stresses. The lowest adhesion was achieved for the vacuum-
treated LIPSS surface with only 95 kPa. This represents a decrease of 88% compared to the
untreated stainless steel sample. The grid and triangle structures obtained the lowest initial
adhesion of 364 kPa among the petrol-treated samples.

Examination of the chemical durability tests indicated that after 1 h of immersion
time in acetone, the ice adhesion shear stresses increased significantly in comparison to
the initial values for the vacuum-treated samples (Figure 5). In contrast, the petrol-treated
samples nearly maintained their initial values even after 1 h of immersion in acetone (LIPSS,
grid, and triangle structure). However, the maximum values were reached after 4 h for the
vacuum-treated samples (average adhesion of 983 kPa) and after 48 h for the petrol-treated
samples (average adhesion of 875 kPa).
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Figure 5. Plot of the ice adhesion over the immersion time in acetone for (a) vacuum-treated samples
and (b) petrol-treated samples with different structure types.

During the chemical durability tests, the CAH and RoA underwent significant changes
with increasing immersion time in the chemicals. When the water droplet no longer rolls
off the tested surface, making RoA measurements impractical, the CAH becomes more
suitable for characterizing the wetting behavior, especially in the transition phase from
hydrophobic to hydrophilic.

The grid, dimples, and triangle structures of the vacuum-treated samples exhibited
a low average initial CAH of 38° (Figure 6). Interestingly, the CAH of LIPSS, which
showed the lowest initial ice adhesion of all the structures tested, resulted in an average of
72°. Additionally, for the petrol-treated samples, the dimple structure, which previously
exhibited the strongest ice adhesion shear stresses, showed clearly the lowest average
CAH of 11°. Both of these findings support Momen et al.’s assumption that the CAH
does not linearly correlate with ice adhesion [44]. A further CAH evaluation revealed a
strong, substantial increase in the CAHs after 1 h for the vacuum-treated samples and
only slight changes for the petrol-treated samples (Figure 6). Subsequently, after 4 h, a
sharp CAH decrease in the vacuum-treated samples occurred due to the transition from the
hydrophobic to the hydrophilic wettability regime. In contrast, the petrol-treated samples
displayed a different behavior. Here, on average, only a slight deviation of the CAH
occurred after 1 h; however, after 4 h, the CAHs increased clearly for the grid, dimple, and
triangle structures. Overall, the petrol-treated surfaces remained hydrophobic throughout
the experiment.

Vacuum (b) Petrol
; 180
I
| 150
=120 # . & 1
= 90 ! 3
1 < ug
- O 60 | i
4 : 00
A »
= 0
16 24 32 40 48 0 8 16 24 32 40 48
Immersion time [h] Immersion time [h]

+LIPSS =Grid Dimple Triangle
I Hydrophobic regime  II Transition regime  III Hydrophilic regime

Figure 6. Plot of the contact angle hysteresis (CAH) over the immersion time in acetone for (a) vacuum-
treated samples and (b) petrol-treated samples with different structure types.
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3.3. Ethylene Glycol Solution Durability

The results of the chemical durability tests with de-icing fluid showed that for both
treatment methods, the high SCAs and the hydrophobic properties were preserved after 1 h
of immersion (Figure 7) (average SCA of vacuum-treated samples after 1 h: 153°; average
SCA of the petrol-treated sample after 1 h: 153°). However, for the vacuum-treated samples,
the SCA dropped significantly after 4 h, and after 24 h, a minimum was reached (average
SCA: 42°). A similar behavior has already been observed in previous tests with acetone,
although the average minimum SCA for the vacuum-treated samples was higher for glycol
(42°) than for acetone (16°). For the samples treated with petrol, hydrophobic wettability
was maintained (average SCA of 139°) even after 48 h and remained within the threshold
of superhydrophobicity. Again, the value of the average SCA after 48 h exceeded that
measured during the acetone resistance tests. Among the different structure types, the grid
structure exhibited the best results after the overall immersion time in the glycol solution,
with an average SCA of 146°.

(a) Vacuum (b) Petrol

180 — 170 180
150 m. .. 160 150 {:’.' 2 . "
hg 150
—I120 , —120 s
o s 140 —
< 90 << 90
Q @]
N 60 o . N 50
. Py
30 & r 30
0 0
0 8 16 24 32 40 48 0 8 16 24 32 40 48
Immersion time [h] Immersion time [h]

+LIPSS  =Grid <#Dimple Triangle

Figure 7. Plot of the static contact angle (SCA) over the immersion time in ethylene glycol solution
for (a) vacuum-treated samples and (b) petrol-treated samples with different structure types.

The best de-icing properties were achieved with vacuum-treated LIPSS, which had an
ice adhesion of 115 kPa, while the grid structure exhibited the most favorable results for
the petrol-treated sample at 340 kPa. Additionally, as explained beforehand, the dimple
structure showed the highest initial adhesion shear stress of 1176 kPa compared to the
other surfaces and the untreated and unstructured stainless steel sample (820 kPa).

The ice adhesion measurements displayed an increase for both treatment methods after
just 1 h of immersion time, with the maximum levels being reached after 24 h (Figure 8).
The petrol-treated samples outperformed the vacuum-treated samples (average adhesion
of petrol-treated samples without dimple structures: 790 kPa; average adhesion of vacuum-
treated samples: 911 kPa).

Due to the mechanical interlocking between ice and rough surface [30], dimple struc-
tures showed a significant increase in ice adhesion for both treatment methods compared to
the other structure types. However, as observed previously in the acetone resistance test, the
CAH of the dimple structures resulted in a low initial CAH (average CAH vacuum-treated
dimple structure: 25°; average CAH petrol-treated dimple structure: 9°). Furthermore, the
best de-icing properties were achieved with vacuum-treated LIPSS structures, which also
showed the highest initial average CAH (92°). These results further support the findings
and assumptions of Momen et al. [44].
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Figure 8. Plot of the ice adhesion over the immersion time in an ethylene glycol solution for
(a) vacuum-treated samples and (b) petrol-treated samples with different structure types.

Similar to the behavior observed with acetone, the CAH increased after 1 h of immer-
sion for the vacuum-treated samples (Figure 9), reaching a maximum after 1 h (LIPSS), and
4 h (grid, dimple, and triangle). After that, the CAH decreased significantly after 24 h. The
petrol-treated samples showed a continuous CAH increase until 24 h of immersion time
(except for the LIPSS structures) and remained in their initial hydrophobic state. For both
treatment methods, an unexpected gradient change occurred after a test duration of 48-h
compared to the results after 24 h. Obviously, after the durability tests, the laser-structured
surfaces remain susceptible to the chemisorption of airborne hydrocarbons, which results
in a renewed conversion of the chemical polarity from polar to non-polar, and, therefore, to
hydrophobic wettability [61]. Since the samples were stored in ambient air for a few days
between the sample extraction from the ethylene glycol solution and the 48 h measurement,
the beginning of this transformation process can be assumed. The slight increase in the
SCA (for LIPSS, Grid, Triangle) and the gradient change of the CAH after 48 h support this
hypothesis. Based on these observations, the question arose as to what extent the structures
could regenerate their hydrophobic and de-icing capabilities after the durability tests.
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Figure 9. Plot of the contact angle hysteresis (CAH) over the immersion time in ethylene glycol
solution for (a) vacuum-treated samples and (b) petrol-treated samples with different structure types.

To investigate the potential regenerative capabilities of the examined surfaces and
recover the hydro- and icephobic properties after testing, the vacuum-treated samples
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were again exposed to the corresponding treatment method for 4 h. Overall, after the
second treatment cycle, the results of the SCA measurements indicated a recovery of the
superhydrophobic wettability (Table 3). However, a slight decrease in SCA and ice adhesion
was observed, which may be further improved by extending the treatment duration.

Table 3. Regenerative capability of vacuum-treated samples after 48 h of acetone immersion and
repeated vacuum treatment for 4 h; [A—ice adhesion, vac.—vacuum treatment.

Sample ID Structure Treatment Initial SCA SCA48h SCA48h Initial A TA48h IA48h
Type Method [°] [°] +4hvac. [°] [kPal] [kPa] + 4 h vac. [kPa]
LIPSS 148 42 148 102 1084 567
Grid 164 12 153 469 1042 678
CH Dimple Vacuum 164 10 151 947 926 1359
Triangle 162 15 149 310 914 687

Overall, it was shown that petrol-treated samples could maintain hydrophobic wetta-
bility even after 48 h of immersion in acetone and ethylene glycol solution and, therefore,
exhibited acceptable chemical resistance in terms of SCA and hydrophobic properties. The
vacuum-treated samples maintained their initial hydrophobicity for 1 h, after which a signif-
icant deterioration occurred. Regarding ice adhesion, petrol-treated samples outperformed
vacuum-treated samples. However, the icephobic properties could not be maintained.
Depending on the liquid, a decrease occurred at 1 h (glycol solution) and 4 h (acetone).
A rapid increase in ice adhesion was observed for the vacuum-treated samples. Both
sample treatments did, therefore, not provide satisfying resistance in terms of the de-icing
capabilities. Notably, the petrol treatment showed better resistance to the glycol solution
than to acetone. Furthermore, it was demonstrated that re-exposure to a vacuum after
acetone immersion can recover the hydrophobic wettability of these surfaces and partially
recover the de-icing performance. Moreover, the measurements indicated that the CAH
does not directly correlate to the ice adhesion.

3.4. XPS Analysis

Since our previous research has demonstrated that the transition of femtosecond pro-
cessed surfaces from hydrophilic to superhydrophobic wettability occurs faster and more
effectively when treated with Eurosuper petrol RON 95 in comparison to Petroleum benzine
60-95, it is to be assumed that the fuel additives play a crucial role in the transformation of
the surface structures [22]. Furthermore, the distinct immersion time-dependent differences
between the above-described vacuum and petrol-treated samples may also be attributable
to these additives. For this reason, a detailed investigation of the surface chemical com-
pounds is of great interest to understand the underlying processes. However, the lack of
manufacturer information on fuel additive ingredients complicates the accurate analysis of
chemical compounds. Nevertheless, a comprehensive XPS analysis was performed, but
only data on the chemical groups and their polarity could be collected due to its limitations.

As expected, the survey spectra showed the presence of the major elements C, O, and
Fe. The laser structuring process leads to an increase in oxygen levels, regardless of the
structure type. The increase in oxygen levels could be attributed to the formation of oxides
resulting from the melting of the material. During the laser process, carbon contamination
on the surface was removed, which resulted in a significant drop in carbon content. The
experimental results showed a strong correlation between the chemical treatments and
the surfaces’ iron-to-carbon ratio, which was, on average, reduced by 76% after vacuum
treatment (C#RefVac) and by 69% after petrol treatment (C#RefPet) (Table 4). The increase
in carbon can be explained by the formation of a new surface layer, which is created by
the chemisorption of hydrocarbons [62]. This effect was structure-dependent and favored
dimple, grid, and LIPSS structures over the triangle structure. This dependence is likely
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related to the applied accumulated laser fluence, which was valid for dimple and grid
structures but not LIPSS (Table 5).

Table 4. Results of the XPS measurements; survey spectra: Fe/C change when compared to the
respective structure of the untreated reference sample; detail spectra: non-polar and polar component
ratio change after vacuum/hydrocarbon treatment and durability tests; SCA and ice adhesion as

performance indicators.

Survey Cls Performance
Structure
Sample ID Type Fe/C Change to NP/P Change to Storagein Mean NP/P SCA [°] Ice Adhesion
C#Ref [%] Ambient Air (C#Ref) [%]  Change [%] [kPa]
C#l LIPSS —62 16 44 1022
Vi d Grid —59 18 o4 10 1001
A treated, Dimple 58 36 10 906
cetone immersion Triangle 9 35 15 914
CH2 LIPSS —83 96 125 888
Petrol d Grid —50 69 88 120 777
A etrol treated, Dimple 74 138 153 972
cetone Immersion  yjangle ~10 54 109 862
C#3 LIPSS —65 41 63 852
Vacuum treated, Grid -13 43 3 40 989
Ethylene glycol Dimple —40 52 30 917
immersion Triangle 33 -8 43 893
C#4 LIPSS 77 42 126 758
Petrol treated, Grid —58 28 “ 146 744
Ethylene glycol Dimple —64 52 141 1108
immersion Triangle —34 53 145 868
LIPSS —80 129 152 172
C#RefVac, Grid —74 174 190 152 526
Vacuum treated Dimple —81 219 160 1193
Triangle —68 276 153 330
LIPSS —72 110 150 680
C#RefPet, Grid -72 232 187 166 328
Petrol treated Dimple —78 248 164 1027
Triangle —52 220 163 282
LIPSS 66/133* 805 **
Grid 0/26* 951 **
CiRef | Dimple 0/106* 902 **
untreate Triangle 0/21* 861 **
Reference 69 821

* SCA measured after 21/218 days of ambient air exposure. ** Ice adhesion measured after 14 days of ambient
air exposure.

Table 5. Laser machining parameters of the tested samples and Fe/C change due to laser processing
and chemical treatment (vacuum/petrol), sorted by accumulated laser fluence.

Sample ID Structure Type Laser Fluence Accumulated Laser ~ Fe/C Change to
[J/cm?] Fluence [J/cm?] C#Ref [%]
C#RefVac Dimple 40 815 =81
C#RefPet Dimple 40 815 —-78
C#RefVac Grid 30 382 —74
Ct#RefPet Grid 30 382 -72
C#RefVac Triangle 20 382 —68
C#RefPet Triangle 20 382 -52
Ct#RefVac LIPSS 1 17 —80

Ci#RefPet LIPSS 1 17 —72
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Combined with the surface topography, the amount of non-polar components on the
surface determines its wettability. The investigation was therefore focused on the ratio
between non-polar (NP) components (C-C/C-H) and polar (P) components (C-OH/C-O-C,
C=0, O-C=0). The Cl1s detailed spectra of the vacuum (C#RefVac)-and petrol (C#RefPet)-
treated samples revealed a 185% increase in non-polar C-C/C-H components, which led to
hydrophobization of the surfaces (Figure 10c,d). After the immersion of samples C#1 and
C#2 in acetone for 48 h, the Fe/C ratio increased significantly, but the mean reduction was
still 45% (C#1) and 54% (C#2). This average includes the triangle structures that did not
experience the same transition (Table 4). By excluding the triangle structure, the average
reduction in the Fe/C ratio after acetone immersion was 60% after vacuum treatment
and 69% after petrol treatment. With reduced ratios of 62% (C#1) and 83% (C#2), LIPSS
showed the highest resistance regarding the total carbon left on the surface, but primarily
polar components, which are hydrophilic. After acetone immersion, the Cls spectrum
of vacuum-treated sample C#1 showed a reduction in non-polar C-C/C-H components
on the surface, with a ratio slightly above that of the reference sample (C#Ref), which
correlates with the measured SCAs (Figure 10e). The petrol-treated sample C#2 still showed
an overall average 88%increase in non-polar components, which also correlates with the
measured hydrophobic wettability (Figure 10f). Broken down to the various structure
types, the dimple structures of C#2 performed best, with a high 138%increase in C-C/C-H
after 48 h of immersion in acetone and a superhydrophobic SCA of 153°. The immersion
of samples C#3 and C#4 in 85% ethylene glycol + 15% water for 48 h resulted in a similar
increase in the Fe/C ratio for acetone immersion compared to the pristine treated samples.
LIPSS structures showed the highest total carbon content after glycol immersion and a high
reduction in the Fe/C ratio of 65% (C#3) and 77% (C#4). C1s spectrum revealed a decrease
in non-polar components for the vacuum-treated sample C#3 to 32% above the untreated
reference sample C#Ref (Figure 10f). For petrol-treated sample C#4, the results also showed
a reduction of non-polar components, albeit at a higher level of 44% over the untreated
reference sample, contributing to the measured hydrophobic wettability and high SCAs
(Figure 10g).

These research findings have significant practical implications. They reveal a clear cor-
relation between the total carbon content (expressed by the Fe/C ratio), the non-polar/polar
carbon component ratio, and the wettability properties represented by the SCA (Figure 11).
This correlation suggests that to achieve superhydrophobic wettability, the carbon content
should be increased, resulting in a decreased Fe/C ratio and an increased proportion of
non-polar components (resulting in an increase in the C 1s NP /P ratio). This understanding
can guide the design and development of materials with specific wettability properties.
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Figure 10. Deconvolution of C 1s peaks, normalized to strongest signals with residual plots on
top; (a) unstructured, untreated reference surface; (b) sample C#Ref: structured (LIPSS), untreated
reference surface; (c) sample C#RefVac: structured (LIPSS), vacuum-treated surface (4 h); (d) sample
C#RefPet: structured (LIPSS), petrol-treated surface (4 h); (e) sample C#1: structured (LIPSS), vacuum-
treated (4 h), corroded (48 h, acetone) surface; (f) sample C#2: structured (LIPSS), petrol-treated (4 h),
corroded (48 h, acetone) surface; (g) sample C#3: structured (LIPSS), vacuum-treated, corroded (48 h,
ethylene glycol) surface; (h) sample C#4: structured (LIPSS), petrol-treated, corroded (48 h, ethylene

glycol) surface.
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Figure 11. Contour plot of the static contact angle (SCA) versus C 1s non-polar/polar ratio and
Fe/C change, including all structure types of samples C#1, C#2, C#3, C#4, C#RefVac, and C#RefPet,
compared to the untreated laser-structured reference sample C#Ref (zero-reference).

The different laser-generated structures showed comparable results, pointing toward
high non-polar carbon components for high SCA. The correlation between the total carbon
content, non-polar/polar carbon component ratio, and ice adhesion was unclear (Figure 12).
Here, a structure dependence was found, with dimple structures showing an overall high
ice adhesion and all others showing the same trend as described above for the wetting
properties (Figure 13).
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Figure 12. Contour plot of the ice adhesion versus C 1s non-polar/polar ratio and Fe/C change,
including all structure types of samples C#1, C#2, C#3, C#4, C#RefVac, and C#RefPet, compared to
the untreated laser-structured reference sample C#Ref (zero-reference).
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Figure 13. Contour plots of the ice adhesion versus C 1s non-polar/polar ratio and Fe/C change
for (a) LIPSS, (b) grid, (c) dimple, and (d) triangle structure including samples C#1, C#2, C#3,
C#4, C#RefVac, and C#RefPet, compared to the untreated laser-structured reference sample C#Ref
(zero-reference).

After 48 h of acetone and ethylene glycol immersion, the vacuum-treated samples
showed wettability properties and ice adhesion levels in the range of the untreated reference
sample, even though the carbon content was still above the initial state. What seems to
be essential for hydrophobicity is the amount of non-polar components on the surface—
in the case of sample C#1, a high carbon content was found, but fewer non-polar C-
C/C-H components than on sample C#2, which also showed more overall carbon (Table 4).
Interestingly, in terms of non-polar/polar change, the results did not reveal much difference
between samples C#3 and C#4, even though the mean SCA showed a large gap, reaching
from 44° for C#3 to 139° for C#4. This explanation could again be linked to the total
carbon content, which was significantly higher for C#4, with a mean Fe/C change of —58%
compared to —21% for C#3. Combined with the more significant non-polar component
portion of sample C#4 (44% to 32% for C#3), it could be assumed that more C-C/C-H
was left. Considering these results, the petrol-treated samples showed better resistance
to the tested liquids than the vacuum-treated samples. This could be linked to stronger
chemisorption of hydrocarbons via immersion in petrol or the formation of a thicker
hydrocarbon layer.

3.5. Optical Durability (UV)

Samples C#5 and C#6 were exposed to UV radiation for 100 h—SCA and ice adhesion
were measured before and after exposure for both treatments. The results showed a sharp
decrease in SCA for all structure types, except LIPSS (Table 6). It was found that the
samples treated with petrol showed significant SCA degradation compared to the vacuum-
treated samples for the grid, dimple, and triangle structures. LIPSS, on the other hand,
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largely retained their hydrophobic wetting behavior, exhibiting only a minor decrease
in SCA. However, the results of the ice adhesion measurements indicated a different
picture—according to these, all structures investigated showed a significant increase in ice
adhesion and again reached a level comparable to that of the untreated, laser-structured
sample (C#Ref).

Table 6. Results of the optical durability tests before and after exposure, IA—ice adhesion.

Sample ID Structure Treatment Initial After 100 h UV Exposure Change
Type Method SCA[°] IA [kPa] SCA[°] IA [kPa] SCA IA
LIPSS 152 179 147 648 —3% 263%
Ci5 Grid 4h 158 337 49 867 —69% 157%
Dimple vacuum 159 1147 121 945 —24% —18%
Triangle 155 292 63 926 —59% 217%
LIPSS 144 661 126 772 —13% 17%
CH6 Grid 4h 163 535 0 907 —100% 69%
Dimple petrol 166 1566 6 823 —96% —47%
Triangle 163 309 12 895 —93% 190%
3.6. Summary

Based on the presented results, it is not possible to make a general assessment of the
practical suitability of the tested surfaces. This is due to the necessity of carefully choosing
chemical resistance tests, as different conditions exist in each application [63]. In this work,
the main focus was on applications in aviation and wind energy. In none of these areas
is the contact of the surfaces with acetone realistic, but this extreme case should still be
examined during this study. Surface contact with ethylene glycol is more realistic and may
impact commercial aviation applications, such as leading edge modification. The results
indicate a limitation in chemical durability against de-icing liquid; however, due to the
reduced ice adhesion, different ground de-icing methods without chemical deicers could
be applied, e.g., a combination of surface modification and efficient electrical heating [64].

The very thin hydrocarbon layer formed during post-laser treatments resulted in low
UV durability of the modified surfaces. This is a significant finding, as it suggests that the
photodegradation of hydrocarbons under UV exposure [65] limits the outdoor use of the
modified surfaces. However, it is important to note that accelerated UV exposure tests
cannot be directly applied to real-world scenarios, and further investigation is necessary to
fully understand the implications of this result.

Overall, LIPSS showed the highest contact angle after the chemical and UV durability
tests, which is due to the influence of the surface topography and is consistent with previous
results [33]. In terms of ice adhesion, the results of the LIPSS were no better than those of
the other structure types.

4. Conclusions

The chemical and optical durability of hydrophobic/icephobic hydrocarbon layers on
femtosecond laser-structured stainless steel surfaces formed during hydrocarbon/vacuum
treatment was investigated. The LIPSS nanostructures and hierarchical grid, dimple, and
triangle microstructures were compared to evaluate the effect of the structure type on the
chemical resistance. XPS analysis showed that the static water contact angle strongly
depends on the absolute amount of non-polar C-C/C-H components on the surface,
which underwent reduction during all durability tests. Ice adhesion measurements re-
vealed improved initial de-icing properties for structures with low roughness (LIPSS, grid,
and triangle).
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The main conclusions of this work are as follows:

e  Increasing the non-polar carbon components on the laser-structured surface leads to
a higher static contact angle and lower ice adhesion. This can be achieved by petrol
immersion or vacuum treatment.

e  The overall carbon content increases with increasing accumulated laser fluence for di-
rect laser-ablated structure types, excluding LIPSS, where the carbon content increased
despite the low accumulated laser fluence used.

The contact angle hysteresis does not directly correlate with the icephobic properties.
The chemical resistance depends mainly on the type of post-laser treatment and only
to a limited extent on the applied structure type.

e  Vacuum-treated laser-structured stainless steel surfaces are not permanently durable
against ethylene glycol or acetone. They lose their superhydrophobic properties and
show increased ice adhesion after 1 h of immersion.

e Re-exposure to vacuum after immersion in acetone can recover the hydrophobic
wettability of those surfaces and partially their icephobic properties.

e  Petrol-treated laser-structured stainless steel surfaces retain their hydrophobic prop-
erties with only minor deterioration after 48 h of immersion in ethylene glycol or
acetone, although the ice adhesion increases significantly.

e  None of the investigated surfaces are long-term resistant to UV irradiation, although
LIPSS nanostructures maintain a hydrophobic wettability after 100 h of exposure.

e  LIPSS combined with petrol treatment showed the best results in terms of hydropho-
bicity, lowered ice adhesion, and durability.
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